Densification of boron carbide (B4C) was studied by pressureless sintering at temperatures ranging from 2108° to 2226°C with Al gas and Si compound gas derived from SiC. High purity boron carbide compacts attained a bulk density of a nearly full density (2.455 g/cm 3 ) after being sintered at 2226°C.
Introduction
Boron carbide (B4C) is a covalently bonded compound with a high melting point (2427°C), a low density (2.52 g/cm 3 ), and a high neutron absorption cross section.
1) It is also one of the hardest materials (Vickers hardness: 3770 kg/mm 2 ) and has been used extensively as abrasive grits and wear-resistance components. Therefore, boron carbide ceramics have been worthy of remark as high performance structural materials. 2) However, the high covalency of B-C bonds and the low selfdiffusion coefficient make it impossible to sinter B4C to high densities without additives 3)-6) or high external pressure. 7) A typical method to enhance the densification of B4C is pressure sintering such as hot pressing, but it is applicable only to rather simple shapes. For that reason pressureless sintering of B4C is often preferable to avoid the expensive diamond machining required to form complex shapes.
Previous studies on pressureless sintering of B4C has shown that addition of sintering additives such as C, 3),4) TiC, 8) and TiB2 9) is effective to enhance the densification of B4C. However, in those cases, either large amounts of secondary phase or extremely high sintering temperatures are required for full densification.
In the present study, we report on further efforts to improve pressureless sintering of boron carbide through the use of Al gas and Si compound gas derived from SiC in the sintering atmosphere.
Experimental procedure
Commercial high-purity B4C (Grade HS, H. C. Starck GmbH & Co., Berlin, Germany) powder was used as a starting material. Table 1 shows the characteristics of the powder based on the manufacturer's data. The powder was uniaxially pressed into pellets having dimensions of 25 mm in diameter and about 5 mm in thickness, followed by cold isostatic pressing at 49, 98, 196, 294, and 490 MPa.
Approximately 3 g of a mixture of reagent-grade 99.9% aluminum powder (average particle diameter 3 μm, Soekawa Chemical Co., Ltd., Tokyo, Japan) and silicon carbide powder (grade OY-15, Yakushima Denko, Tokyo, Japan) was transferred into a covered carbon crucible. The green compacts were placed on a carbon block to prevent direct contact of the green bodies with the mixed powder. The electrical furnace (Chugai-ro, Inc., Osaka, Japan) used for heat treatments was comprised of graphite heating elements and fibrous insulation. Temperature was monitored using a pyrometer (Model IR-A, Chino Co., Tokyo, Japan), sighted on the graphite crucible, measuring through a fused silica viewing port mounted on the furnace side wall. The calibration of the pyrometer was within 10°C of the value measured by a tungsten-rhenium thermocouple up to 2100°C. The furnace was heated at a rate of 600°C/h from room temperature to 1900°C under vacuum and held for 10 min to introduce pure argon gas into the furnace, and then the temperature was raised at rate of 600°C/h to the desired † Corresponding author: T. Kumazawa; E-mail: kumazawa@mino-ceramic.co.jp Express letter
JCS-Japan
sintering maxima (2104°-2220°C) and held for 4 h. The bulk densities of the specimens were measured using the Archimedes method with distilled water as an immersion medium. The relative density was calculated assuming true densitiy of 2.52 g/cm 3 for boron carbide of the sintered bodies.
1)
The identification of secondary phases was performed by using X-ray diffractometry (XRD) with Cu Ka radiation (Model RINT, Rigaku Co., Tokyo, Japan). Phase analyses were made on the bulk sintered specimens which were ground to 0.5 mm by diamond abrasive (#200) grinding wheel. The chemical analysis on grain boundaries of a specimen was investigated by using scanning electron microscopy (Model S3500N, Hitachi, Tokyo, Japan) equipped with energy-dispersive X-ray spectroscopy (EDS) (Model EMAX 7000, Horiba, Kyoto, Japan). Figure 1 shows X-ray diffraction pattern of the starting powder, which indicates that the existence of small amounts of boron oxide (B2O3) and graphite in the B4C powder. The B/C molar ratio of 3.8 in the powder is close to the solvus boundary between single-phase B4C solid solution and two-phase B4C solid solution plus carbon in the boron-carbon phase diagram.
Results and discussion
Green densities, calculated based on specimen dimensions and mass, were in the range of 63%-68% of the theoretical density. Figure 2 shows the bulk density of each specimen, molded under 198 MPa, as a function of firing temperatures with and without the sintering aid gases of Al gas and Si compound gas derived from SiC. It is obvious that sintering of the compact of boron carbide was accelerated by the sintering aid gas. Plots of bulk density as a function of firing temperatures for the specimens under representative molding conditions are shown in Fig. 3 . Although the bulk density increased with increasing firing temperature, there was little effect of molding pressure on the bulk density, especially at higher sintering temperatures.
It is well known that minimization of oxide impurities can result in enhanced densification because removal of oxides inhibits coarsening at intermediate temperatures. 10) Several previous studies have used reducing agents such as C 3),4) or He-H2 11) to react with and remove oxide impurities from the surface of boron carbide powder. According to the thermodynamic data, 12) Al gas is a reducing agent for boron oxide on B4C starting powder superior to carbon and/or He-H2. In the present study, the presence of Al gas is considered to be a conduit for densification. Figure 4 shows the XRD patterns for specimens sintered at 2187°C with and without sintering aid gas. Boron carbide and graphite were detected in the specimen sintered without gas, while small amounts of silicon carbide and Al4SiC4 were detected in the specimen sintered with Al gas and Si compound gas. Figure 5 shows the SEM micrograph and the result of EDS analysis of a polished specimen that had been sintered at 2187°C with sintering aid gas. Secondary phases at the grain boundaries are seen in this micrograph. These phases, which might have contributed to formation of liquid phase at high temperature, were identified as SiC and Al4SiC4 by EDS and XRD analyses.
Although Al gas and Si compound gas derived from SiC were found to improve the densification of B4C, it may also result in the formation of grain-boundary phases and a variety of precipitates by complex chemical reactions during sintering, and thereby influencing the strength, fracture toughness, and dynamic mechanical properties.
Conclusions
High purity boron carbide compacts were pressureless sintered at temperatures ranging from 2108° to 2226°C, achieving a bulk density of 2.455 g/cm 3 (about 97.4% of theoretical density) at 2226°C using Al gas and Si compound gas derived from SiC.
